A persistent challenge in ecology is to explain the high diversity of tree species in tropical forests. Although the role of species characteristics in maintaining tree diversity in tropical forests has been the subject of theory and debate for decades, spatial patterns in local diversity have not been analyzed from the viewpoint of individual species. To measure scale-dependent local diversity structures around individual species, we propose individual speciesarea relationships (ISAR), a spatial statistic that marries common species-area relationships with Ripley's K to measure the expected ␣ diversity in circular neighborhoods with variable radius around an arbitrary individual of a target species. We use ISAR to investigate if and at which spatial scales individual species increase in tropical forests' local diversity (accumulators), decrease local diversity (repellers), or behave neutrally. Our analyses of data from Barro Colorado Island (Panama) and Sinharaja (Sri Lanka) reveal that individual species leave identifiable signatures on spatial diversity, but only on small spatial scales. Most species showed neutral behavior outside neighborhoods of 20 m. At short scales (<20 m), we observed, depending on the forest type, two strongly different roles of species: diversity repellers dominated at Barro Colorado Island and accumulators at Sinharaja. Nevertheless, we find that the two tropical forests lacked any key species structuring species diversity at larger scales, suggesting that ''balanced'' species-species interactions may be a characteristic of these speciesrich forests. We anticipate our analysis method will be a starting point for more powerful investigations of spatial structures in diversity to promote a better understanding of biodiversity in tropical forests.
S
ince the establishment of large permanent sampling plots where all stems Ͼ1 cm in diameter at breast height (dbh) are identified, measured, and mapped (1, 2) , substantial progress has been made in explaining the high local diversity of tree species in tropical forests; however, ecologists are still far from having a definitive answer. Several competing hypotheses on processes promoting species coexistence have been developed and tested, but these efforts have yielded contrasting results (3) (4) (5) . Neutral theory (6) (7) (8) suggested that species-specific differences are unimportant for certain community attributes, whereas niche theory outlines the importance of species characteristics and trade-offs (9, 10) . It is also clear that species-specific differences affect the spatial distribution of populations (11) (12) (13) (14) (15) (16) . Surprisingly, although plant-plant interactions should play a major role in structuring tropical forests, the resulting spatial patterns in diversity have not been analyzed from the viewpoint of individual species. However, strong differences in species traits and in species interactions should create clearly identifiable nonrandom spatial structures in diversity that would not arise for neutral species.
Here, we propose the framework of individual species-area relationships (ISAR) to study species-specific effects on local diversity in species-rich communities. The ISAR(a) function is the expected number of species within circular areas a ϭ r 2 around an arbitrary individual of a target species where r is the radius of the neighborhood area a. ISAR is a statistic to analyze the spatial diversity structure in forest ecosystems and reconciles common species-area relationships (17) (18) (19) and the individual perspective of point-pattern analysis (20) (21) (22) .
The ISAR allows for a subtle assessment of species effects on local diversity with respect to their interactions with plants of other species. If positive facilitative interactions with other species dominate, the target species would accumulate and maintain an overrepresentative proportion of diversity in its proximity (i.e., being a ''diversity accumulator''). In instances where negative interactions dominate, the target species tolerates only an underrepresentative proportion of other species in its neighborhood (i.e., a ''diversity repeller''). However, if positive and negative interactions are weak or even out, the species behaves neutrally.
Note that species interactions are not the only factors that may influence the ISAR; the spatial pattern of the target species (i.e., clustering or overdispersion) and habitat associations may also produce ISAR curves of the accumulator or repeller type. The effect of dispersion is important for interpreting and understanding ISAR but can be diagnosed by comparing local densities of the stems of the target species with that of all species in neighborhoods around the stems of the target species [see supporting information (SI) Table 1] . A species may appear to be a diversity accumulator or repeller through habitat association if diversity differs at different habitats [e.g., upper and lower elevation habitats at Sinharaja (23) ]. This effect is analogous to the problem of heterogeneous patterns in point-pattern analysis (21, 24) . Specific methods are required to factor out the effects of habitat association [i.e., a ''heterogeneous'' null model (24) ; see Null Models of Neutral Species]. To accomplish this, we used Monte Carlo simulations of the heterogeneous null model of a neutral species to asses if a species is a significant diversity accumulator, repeller, or neutral and at what spatial scales.
Assessment of the proportion of diversity accumulator, repellers, and neutral species at different spatial scales provides important insights into the spatial structures of species-rich communities, its critical spatial scales, and allows testing how many species in a community behave neutrally with respect to the spatial patterns. Studies investigating neighborhood effects on tree growth and survival showed that direct plant-plant interactions are strong at local plant neighborhoods (of, say, Ͻ30 m) but fade away at larger scales (12) (13) (14) 25) . We therefore expect strong departures from a neutral ISAR at local neighborhoods but mostly neutral ISARs at larger scales.
We applied this framework to data from two fully censused 50-and 25-ha tree plots at Barro Colorado Island (BCI), Panama (26, 27) , and Sinharaja, Sri Lanka (23, 28) , respectively. We selected these two sites because they constitute two extremes with respect to habitat association among the Forest Dynamics Plots coordinated within the network of the Centre for Tropical Forest Science (CTFS); the Sinharaja plot shows high specieshabitat associations (23) and the BCI plot shows low specieshabitat associations (29) . We derive the empirical ISAR curves of abundant tree species with dbh Ͼ10 cm and investigate (i) if the spacing of trees retains a signature of species ''individuality'' with respect to local diversity, (ii) if species act as diversity accumulators, repellers, or behave neutrally, and (iii) to what extent and at which spatial scales these species attributes, if present, might be caused by species interactions or by largerscale habitat association.
Results
Our analysis shows that the ISAR curves were remarkably similar at BCI and did not depart by more than Ϯ 4 species from the common species-area relationship (SAR) (Fig. 1A) . Interestingly, the SAR was at larger scales well within the range of ISARs occurring at the BCI plot (Fig. 1 A) and practically indistinguishable from the average of all ISARs measured (SI Fig. 4 A and B) . Thus, there were no key species that strongly structured the community spatially. The variability in the ISAR curves at BCI, measured as the difference between the maximal and minimal ISAR at scale r, increased linearly up to a scale of 30 m before reaching a maximum of Ϸ8 species (SI Fig. 5 ).
In the next step, we roughly assessed scale-dependent effects. To determine the proportion of accumulators or repellers, we counted at each scale r the number of species for which the empirical ISAR(r) was Ͼ97% or Ͻ3% of the simulated ISAR(r), respectively. For BCI, we found large proportions of diversity repellers at neighborhoods closer than 10 m which, however, disappeared at neighborhoods of Ϸ20 m (Fig. 3A) . Interestingly, at BCI, there were almost no diversity accumulators (Fig. 3A) . Fig. 3A indicates that significant effects were only likely to occur in neighborhoods of Ͻ20 m. We therefore used a goodness-of-fit test with ␣ level of 0.05 to asses the overall fit of the empirical ISAR curves with the heterogeneous null model over scales r ϭ 0-20 m. This test revealed that 65% of all species at BCI behaved neutrally. We found no clear trends when relating the property repeller or accumulator to a common tree species classification (30) , large tree species were slightly overrepresented among the accumulators, and midsize trees were slightly underrepresented among the repellers (SI Fig. 6A ).
As expected because of the larger habitat heterogeneity of the Sinharaja plot, the empirical ISAR curves showed larger differences than those at BCI (compare Figs. 2A and 1 A) . The variability in the ISAR curves increased almost linearly to a value of Ϸ20 at the 50-m scale without reaching a plateau as found at BCI (SI Fig. 5 ). This increase is probably due to the two clearly identifiable areas of below-and above-average diversity that appear at Sinharaja if the number of species is counted in neighborhoods Ͼ30 m (see SI Fig. 7) . Again, the SAR was practically indistinguishable from the average of all ISARs measured (SI Fig. 4 A and B) . When looking at scale effects, we found a pattern that markedly differed from that at BCI: only few species were diversity repellers, but diversity accumulators were more frequent (Fig. 3B ). Fig. 3B shows that significant effects occurred only in neighborhoods of Ͻ20 m. When testing the overall fit of the empirical ISAR curves with the heterogeneous null model over scales r ϭ 0-20 m, we found that 75% of all species at Sinharaja behaved neutrally. At Sinharaja, accumulators were slightly underrepresented in the canopy species class but overrepresented in the subcanopy species class, and repellers were slightly overrepresented in the canopy species class but underrepresented in the subcanopy species class (SI Fig. 6B ).
Discussion
Using data on the bivariate spatial patterns of hundreds of species in two contrasting forest dynamics plots in Sri Lanka and Panama, we found that species-specific effects on local diversity were surprisingly low and limited to the canopy range or immediately outside the canopy range of the target trees (Fig. 3) . Given the high number of independent tests for many species and potential type I error in the assessment of effects at individual scales, ''real'' effects of species-specific effects may be even lower. Nevertheless, we found interesting structures at small scales: at the more-diverse BCI plot, the majority of the species are diversity repellers although a few are accumulators, whereas at the Sinharaja plot almost one-third of all species represent diversity accumulators, but few repellers were observed.
Results for Sinharaja and BCI reveal different community structures. First, comparison of the neutral ISAR curves (the expectation of the homogeneous null model) shows that the local diversity at Sinharaja is for small scales larger than those at BCI (SI Fig. 4) . Additionally, the neutral ISAR curve of BCI is for neighborhoods Ͻ500m 2 below all ISAR curves at Sinharaja (Fig.  2B) , and the neutral ISAR of Sinharaja is for neighborhoods Ͻ500m 2 above all ISAR curves at BCI (Fig. 1B) . Second, at scales Ͼ20 m, the local diversity at BCI overtakes the local diversity at Sinharaja. Third, within 250 m 2 neighborhoods, one stem at BCI was neighbored on average by 10.5 stems and 8.2 species, whereas one stem at Sinharaja was neighbored on average by 16.8 stems and 9.8 species (Figs. 1B and 2B ). Thus, higher stem densities (31) may also contribute to the initially higher local diversity at Sinharaja and explain the "first" and "second" points described above. In fact, when looking at the species-individual relationships (31), i.e., plotting the average number of species in neighborhoods over the corresponding average number of stems, both are similar at small neighborhood sizes, but the BCI curve is always higher than the Sinharaja curve (SI Fig. 4 C and D) . Fourth, at scales of Ͻ15 m, the species at BCI seem to be more ''competitive,'' yielding a high proportion of diversity repellants, whereas species at Sinharaja include a high proportion of diversity accumulators.
At BCI, an average tree with dbh Ͼ10 cm occupies an area of 23.8 m 2 , which yields a radius of 2.8 m for a circular area. This radius corresponds to the peak in percentage of repellers shown in Fig. 3A . This observation suggests that the property of being a repeller at BCI is closely related to the average area occupied by a tree. This distance is also the scale where the spatial autocorrelation in survival, measured as the function of distance at the whole-community level, peaked at BCI (13) . In contrast, at Sinharaja, an average tree occupies only 14.9 m 2 , yielding a radius of Ϸ2.2 m, which also coincides with the peak in repellers (Fig. 3B) . Additionally, the trees at Sinharaja are more numerous but smaller (e.g., the densities of trees with dbh between 10 and 20 cm were 0.039 stems per m 2 at Sinharaja compared with 0.026 stems per m 2 at BCI). Thus, the potential spatial scale of competition for space will tend to be smaller at Sinharaja, because the trees are smaller. This scale may additionally explain the observed differences in the local diversity structures between the two forests.
In point-pattern analysis, a pattern may appear aggregated because of plant-plant interactions or because of habitat association (21, 24) , and the question of interest is to disentangle these two effects (22) . In ISAR, which acts not on the population level but on the community level, two additional factors come into play. For interpreting ISAR curves in biological terms, it is important to recognize these effects. The first factor is local stem density. ISAR curves between two species may differ simply because one species is located mostly in areas with high stem densities and the other is in areas with low stem densities. If diversity is related to stem density, as suggested by speciesindividual curves (31), areas with lower stem densities would host fewer species. However, this effect is basically a type of habitat association and will not produce a significant departure of ISAR from the heterogeneous Poisson null model. As mentioned in the introduction, a second factor is the dispersion of the target species. A species with a highly clumped distribution (e.g., due to the neutral process of limited dispersal) will be surrounded by more conspecific individuals and fewer heterospecific individuals than expected on average. This effect will reduce the ISAR because fewer heterospecific individuals in a neighborhood should also comprise fewer species. Conversely, an overdispersed species (e.g., due to natural enemies causing strong density dependence) might be surrounded by more heterospecific individuals and would appear to be a diversity accumulator. The potential effects of species dispersion on ISAR were in general not very strong. Only two species at BCI and five species at Sinharaja were clustered enough to reach a local dominance of Ͼ15% of all stems at neighborhoods of 10 m (SI Table 1 ). On the other hand, only a few species at BCI and none at Sinharaja were overdispersed, and their density was too low to produce an effect on ISAR (SI Table 1 ). A species that managed to be locally dominant for stems with dbh Ͼ10 cm could be a competitive species even if a ''mass effect'' due to localized dispersal and high seed output would contribute to the local success. In summary, we found that different factors such as species interactions, local dominance, and habitat association interact in a complex way to produce ISARs. We also tried to relate commonly used classification schemes (e.g., canopy, subcanopy, understorey, or gap, shade-tolerant) to the property of being a diversity accumulator or repeller, but, besides some trends (SI Fig. 6 ), we did not find substantial relationships. Establishing relationships among species properties and ISAR, however, is a considerable challenge that may provide important insight into the spatial structure of tropical forests.
Our findings have important consequences for the current debate about neutral theory (32) (33) (34) (35) (36) . Strikingly, our analysis revealed that the two tropical forests studied apparently lack key species spatially structuring species diversity. This finding suggests that ''balanced'' species-species interactions may be a characteristic of these species-rich forests. This result is in agreement with a detailed analysis by Wiegand et al. (22) on species association at the Sinharaja plot. Moreover, most of the species-specific effects on local diversity already disappeared for scales Ͼ20 m, although the null model removed only effects of a heterogeneous spatial distribution at scales Ͼ50 m, pointing to a clear separation of scales in the spatial structures of the two tropical forests. This finding suggests that most of the well documented nonneutral processes such as survival, niche, competition, facilitation, etc. may leave a detectable signature at the spatial-diversity pattern only at small scales but result in neutral diversity patterns on larger scales. However, the results of a homogeneous null model showed that the diversity in the two tropical forests is strongly structured by habitat association (SI Fig. 8 ), a mechanism not yet included in neutral theory (23, 29) . This result is in accordance with a recent study (36) that found that Ϸ30% of the species at BCI showed significant affinities to soil nutrient distributions.
We hypothesize that the weak species-specific effects on local diversity found in our study should be related to the high diversity of tropical forests. What would happen if species effects on biodiversity were stronger? In absence of pronounced habitat structure, a strong diversity repeller would have a tendency to generate monospecific or low-diversity patches and would introduce considerable instability into the community dynamics. Such species would function similarly to aggressive invaders, reducing species diversity. Strong diversity accumulators, on the other hand, are difficult to imagine in tropical forests but may be more common in harsh environments where they modify their environment, making it more benign for other species. It would be interesting to expand our analysis to species-poorer forests, for example temperate forests, to find out if and to what extent the strength and proportion of repellers and accumulators are related to tree-species richness. ISAR is a spatial statistic that describes spatial diversity patterns in fully mapped tree census plots in a simple and intuitive way by marrying the well established species-area relationships with Ripley's K. We are just beginning to explore the features and the power of this framework and are confident that it will shed new light on the role of plant-plant interactions in maintaining tree diversity in tropical forests.
Methods
Study Sites. The study was carried out in two tropical forests at BCI, Panama (9°10ЈN, 79°51ЈW), and Sinharaja, Sri Lanka (6°21-26ЈN, 80°21-34ЈE). The forest at BCI is a seasonally moist tropical forest, and rainfall averages 2,600 mm per year with a pronounced dry season. Investigations were carried out within the Forest Dynamics Project 50-ha plot, which consists of mainly old growth lowland moist forest. Elevation ranges from 120 to 155 m above mean sea level. The plot was established in 1982, and all trees Ͼ1 cm dbh have been mapped, tagged, and measured every 5 years since 1985. Based on the 1995 census, there are at BCI, on average, Ϸ0.5, Ϸ0.042, Ϸ0.016, and Ϸ0.005 stems per m 2 with dbh Ͼ1 cm, Ͼ10 cm, Ͼ20 cm, and Ͼ50 cm, respectively. Thus, an average stem with dbh Ͼ10 cm covers an area of Ϸ23.8m 2 , which corresponds to a circular area with a radius of 2.8 m. Details on the plot are provided in refs. 1 and 2.
The 25-ha plot at Sinharaja is a tropical forest without a regular dry season, and rainfall averages 5,016 mm per year. Elevation ranges from 424 to 575 m above mean sea level and includes a valley lying between two slopes. Tree species show varying degree of associations to habitat types defined by topography. The Sinharaja plot was established in 1993, and all trees Ͼ1 cm dbh have been mapped, tagged, and measured. At Sinharaja, there are, on average, Ϸ0.8, Ϸ0.067, Ϸ0.028, and Ϸ0.004 stems per m 2 with dbh Ͼ1 cm, Ͼ10 cm, Ͼ20 cm, and Ͼ50 cm, respectively. Every stem with dbh Ͼ10 cm covers, on average, an area of Ϸ14.9 m 2 , which corresponds to a circular area with a radius of 2.2 m. Details on the plot are provided in refs. 23 and 28. In the present analysis, we used data on trees with dbh Ͼ10 cm from the third (1995) BCI census (26, 27) and from the first (1994-1996) Sinharaja census.
Definition and Estimation of ISAR.
To find out if and at what spatial scales a given species has a significant effect on diversity, we needed to measure the relationship between the spatial pattern of plants of the target species and the pattern of the plants of the other species of the community and compare it to a null model of a neutral species. Although established techniques of pointpattern analysis that are able to assess association between pairs of species (21, 22) could potentially be used for this purpose, this becomes a very tedious task if many species are involved (22) , and the results of the many individual analyses cannot be summarized effectively on the community (diversity) level.
We therefore developed an analogous approach of pointpattern analysis that does not work at the species-species level but on the species-community level. Whereas Ripley's bivariate K-function measures at the species-species level the number of stems of one species up to distance r away from an arbitrary stem of a target species, our measure, the ISAR, measures at the species-community level the number of species up to distance r away from an arbitrary stem of the target species. Our framework is thus located intermediate between conventional SARs (17) that summarize the diversity of a community in a scaledependent manner but which do not provide a direct link to species-species interactions and studying species-species relationships with bivariate point-pattern analysis (22) .
To estimate the ISAR(r), the expected number of species within circular areas with radius r around an average individual of the target species t, we first calculated the bivariate emptiness probability P tj (0, r) that species j was not present in the circles with radius r around the trees of the target species t (note that we do not count the focal stem if t ϭ j) and then summed up 1 Ϫ P tj (0, r) for all species present in the plot:
Using a ϭ r 2 , we can express the ISAR also in terms of area a, to resemble the common species-area relationship. Because the P tj (0, r) are derived from the bivariate pattern of species j and t, the ISAR contains information about all interspecific spatial patterns, but on a highly aggregated level. To avoid sample circles of target stems located close to the border of the plot not being located entirely inside the census plot, we used edge correction with a buffer zone. For this purpose, only stems of the target species t within an inner plot were used to determine the bivariate emptiness probabilities P tj (0, a), whereas all stems of species j in the entire plot were used. Consequently, ISAR can only be calculated for spatial scales up to the width of the buffer zone.
To work with reasonable sample sizes, we estimated the ISAR only for species having Ͼ70 individuals, yielding 63 species at BCI and 47 at Sinharaja. To cover the range of scales where tree-tree interactions, effects of dispersal limitation, or succession in light gap are most likely to occur, we calculated all scale-dependent function up to a maximal scale of r max ϭ 50 m with steps of 1 m. Consequently, we selected a buffer zone width of 50 m.
Null Models of Neutral Species. To test if a given species is a significant diversity accumulator, a significant diversity repeller, or if the species behaved neutrally, we performed Monte Carlo simulations of null models by using ISAR as test statistic. The simplest null model randomizes the locations of the trees of the target species (''homogeneous Poisson'' null model), thereby removing the potential effects of interactions with individuals of other species on its spatial distribution (i.e., removing ''secondorder effects''). However, in point-pattern analysis, it is recognized that the outcome of analyses with the homogeneous Poisson null model may be confounded by ''first-order effects'' (21, 24) where habitat association increases or decreases the likelihood that an individual will occur at a given location. We therefore used a heterogeneous Poisson null model (22, 24, 37) in which the individuals of the target species are distributed in accordance with the (spatially variable) intensity of the target species. We estimated the intensity function by using an Epanechnikov kernel with a bandwidth of 50 m (SI Text), which removes all potential spatial structure in the pattern of the target species at scales Ͻ50 m but maintains the spatial structure at scales Ͼ50 m. This null model thus factors out first-order effects and allows a proper examination of the second-order effects. Note that this approach is based on a separation of scales. Several studies using individual-based analyses of local neighborhood effects on growth and survival have shown that direct plant-plant interactions may operate only at local plant neighborhoods Ͻ20-30 m, fading away at larger scales (12) (13) (14) 25) , and the parameter of dispersal kernels at BCI typically range at approximately Ͻ 40-50 m (2 2 is the mean square dispersal distance from parent to surviving offspring) (38) . On the other hand, habitat conditions for trees, i.e., elevation, orientation, or soil nutrients, vary typically at larger scales along environmental gradients that are often related with topographical features such as slope and elevation (22, 23, 29, 36) . Details on the implementation and computer code of the heterogeneous Poisson null model are given in the SI Text.
Note that the ISAR of a randomly distributed species corresponds to the conventional species-area relationship with randomly distributed circular sampling units instead of the conventionally used nested disjoint rectangular sampling units. For the relatively small neighborhoods analyzed here (Ͻ1 ha) compared with the plot sizes (25 and 50 ha), the random sampling approximates the SAR well.
Statistical Inference. To assess effects at different scales r, we followed the common practice in point-pattern analysis and constructed Monte Carlo simulation envelopes based on the 99 simulations of the two null models. If the empirical ISAR(r) was at a given scale r larger than the second highest ISAR(r) of all 99 simulations of the null model, the species was regarded at scale r as a diversity accumulator with an approximate ␣ level of 0.05. Conversely, if the empirical ISAR(r) was at a given scale r smaller than the second smallest ISAR(r) of all 99 simulations, the species was regarded at scale r as a diversity repellant. If the empirical ISAR(r) was within the range of the null model, the species was considered neutral at scale r. However, because of simultaneous inference, the simulation envelopes cannot be interpreted as confidence intervals (39) ; the type I error (i.e., a neutral species is regarded as accumulator or repeller) is Ͼ5%. Thus, our estimates of the proportion of neutral species at different scales r are conservative.
To avoid the problem of simultaneous inference, we additionally used a goodness-of-fit test (21, 39) that assessed the overall fit of the empirical ISAR curves with a given null model over a range of scale of interest. This range was the range of scales where significant departures from the simulation envelopes occurred frequently for the species tested, i.e., r ϭ 0,. . . 20 m for the heterogeneous null model (Fig. 3A) and r ϭ 0,. . . 50 m for the heterogeneous null model (SI Fig. 8 ). Under this test, both the observed ISAR(r) for all scales r of interest and each of the 99 Monte Carlo simulated ISARs of a given null model are reduced to a single summary test statistic that represents the total squared deviation between the observed ISAR and the theoretical ISAR across the distances of interest. If the summary statistic computed for the observed ISAR was larger than that of the fifth largest of the 99 simulated ISAR, then the observed ISAR was regarded to differ significantly from a neutral ISAR with an ␣ level of 0.05.
